Mr McIntosh, in reply, said that so long as schools were designed around a classroom it was difficult to think of them as community recreational facilities. But within the limitation of the present design it was certainly possible to use them for community recreation. In London secondary schools from about 6 p.m. became evening institutes having a social side as well as an instructional side, and enormous use was made of these facilities for physical recreation from Monday to Friday and even on Saturdays. He most certainly thought it possible for all age-groups and all socio-economic groups to use school buildings for their leisure and physical recreation, but he also thought that the redesigning of schools was necessary and that this was a fundamental need.
Measuring the Fitness of a Population by C T Mervyn Davies BSC PhD (MRC Environmental Physiology Research Unit, London School ofHygiene and Tropical Medicine, London) Fitness may be considered as a fundamental qualitative expression of an individual's physical condition. In everyday terms, we consider a man fit if he is able to complete a task without undue fatigue, with a reasonable degree of efficiency and ability to recover quickly from the effects of the exertion. Fitness is highly specific and can only be defined in relation to a given activity.
In this paper I propose to discuss merely one small aspect of fitness measurement, namely physiological fitnessthe fitness to perform work. In man, this depends on the ability to expend energy, the major sources of which in the human body are shown in Fig 1. Immediately at the onset of exercise an individual will consume energy at a rate which is proportional to the work performed. The source of this energy will be the splitting of the high energy phosphate molecule adenosine triphosphate (ATP) which yields c. 8 kcal mol. Reloading of the high energy phosphate bond requires energy which is furnished in the shortterm by creatine phosphate (CPreaction 1 (ii)) and in the long term by exergonic reactions (reactions 2 and 3). In exercise of long duration the rate of resynthesis of high energy phosphate must be able to proceed at the same rate as its splitting(i.e. a state ofequilibrium must be reached between reactions 1 and 2). The anaerobic glycogenolysis of reaction 3 is only brought into play when the source of (aerobic) energy from reaction 2 is insufficient to meet the requirements for ATP resynthesis in reaction 1. Thus, the lactic acid (LA) mechanism provides energy only when the oxygen supply to the working muscles is inadequate.
These three reactions, which provide the free energy for the performance of mechanical work, form the basis for the evaluation of physiological fitness. They should be analysed in terms of:
(i) Maximal rate of energy expenditure, i.e. the power of the systems.
(ii) Total amount of energy available i.e. capacity of the systems; and ideally (iii) the efficiency by which the energy is converted into mechanical work. Anaerobic Power and Capacity The maximal power output of the high energy phosphate mechanism (reaction 1) is extremely high (of the order of 53 kcal/min or 1 c. 1 hp for 70 kg man) but can only be sustained for a few seconds due to its small capacity (c. I kcal). This is also true of the LA mechanism (reaction 3) because the utilization of energy by this means depends on the muscles' glycogen stores (which are small) and the ability of the subject to tolerate the unpleasant symptoms of metabolic acidosis. Both these systems are of extreme importance in athletic events. The first in particular during events of 14 sec duration and the second in sprints up to 40 sec, and also when one approaches the limits of endurance in middle distance running. Indeed, as has been suggested (Bannister 1956 ) it may be the ability of a runner to endure the pain, which accompanies LA accumulation during the final stages of an endurance event that determines ultimate victory or defeat. However, though both the power and capacities of these anaerobic mechanisms have been measured in the laboratory (Margaria et al. 1963) , the techniques have not as yet been applied to or evaluated in population studies.
Aerobic Power and Capacity
The maximal aerobic power (Vo2 max reaction 2), in contrast to the anaerobic components of work, has received a great deal of attention from exercise physiologists both in the laboratory and in the field.
Direct Measuirements of
Maximum Aerobic Power Several forms of exercise can be used for the direct measurement of V02 maxrunning or walking on a motor driven treadmill, step climbing and cycling a stationary bicycle ergometer. The relative levels of Vo2 max will vary with the type of exercise under consideration; uphill running gives slightly higher (c. 7%) values of V02 max than when walking or running on the level, bicycling or stepping (Shephard et al. 1968 ). However, the differences are not so great as to exclude comparison. In the laboratory the preferred instrument is the treadmill but for population studies the bicycle ergometer provides a more convenient means (because it is portable and inexpensive) of measuring V02 max. The usual criterion for maximal values is that Vo2 shows no further rise with increasing work load (i.e. Vo2 values at the plateau level agree within ± 5 %). The effects of learning on Vo2 max appear to be quite small and the intra-subject variation is minimalthe coefficient of variation (CV) for directly measured V02 max is c. 30% ). However in order to achieve this degree of precision the bicycle ergometer must be suitably designed to allow a range of pedal speeds, calibrated at frequent intervals and fitted with handlebars and saddle which can be readily adjusted. In addition the breathing circuit must provide minimal resistance to air flow (<1 cm H2O; at flow rate of 300 1/min).
Indirect Measuirementt of Maximal Aerobic Power
In many situations and more particularly in large population studies of fitness direct testing of V02 max cannot always be applied. In order to apply the criterion outlined it is clear that two or three measurements of Vo2 must be made above the point at which the maximum rate of 02 intake occurs. In sedentary subjects it is not always possible to obtain the motivation required and often the exertion may be dangerous to the health of the individual, particularly in the elderly. It is for these reasons that exercise physiologists have increasingly turned to methods of estimating V02 max from data collected at submaximal levels of effort. The most frequently used test is the one based on measurements of cardiac frequency (fH) and Vo2; Vo2 is then plotted against fH and V02 max is estimated by extrapolation of fitted straight line (usually within a nomogram) to a theoretical maximum cardiac frequency (Astrand & Ryhming 1954 , Margaria et al. 1965 ). The essential premises of the method are that (i) the relationship between two variables is linear up to and including maximum levels of work and (ii) all subjects under consideration must be able to reach similar maximum cardiac frequency. The validity of these premises has been recently tested (Davies 1968a ) and unfortunately found not to be strictly valid. The Vo2/fH response is only linear between fH values of 120 and 170 beats/min. At higher work loads the relationship becomes curvilinear and the fH max declines markedly with age. In addition the V02/fH relationship is also subject to marked diurnal variation (Crockford & Davies 1969) . However this non-linearity in fH curve can be removed by 'training' ) and a correction factor can be introduced for age. Nevertheless the overall accuracy of the method is limited to ±122% (Davies 1968a ). An alternative and more important method, physiologically, of predicting V02 max is provided by examining the various components which comprise the 02 transporting system of the body. For, in the final analysis Vo2 max is an integration of the various links of the chain which are responsible for transporting oxygen from the outside air to its site of utilization in the muscle: namely pulmonary ventilation and diffusion; oxygen capacity of the blood, heart volume and output and muscle mass.
In recent papers (Cotes et al. 1969 , Davies 1 968b) these various components have been examined in relation to age and prediction Of Vo2 max. It was found that the best guide to VO2 max was given by a multiple regression of Vo2 max on ventilation (VEI.5) and cardiac frequency (fH,.5) at an oxygen intake of 1 5 1/min and leg muscle (estimated from soft tissue X-ray). Using this equation V02 max could be estimated with a CV of c. 9%. However, an equally good prediction (CV c. 10%) could be gained from a multiple regression of Vo, max on forced vital capacity (FVC), heart volume (HV) and thigh muscle (TM) if age was included in the formula. This is a 2-3% improvement on using simple measures of Vo2 and fH alone and moreover the use of the second equation does not require the subject to exercise. Nevertheless even a prediction of Vo2 max to within ± 9% is still an extremely crude estimate of an individual's maximum aerobic power. It means for example that if we have a predicted V02 max value of 3-5 I/min, we can say with 95 % certainty that the true or observed value will be somewhere between 2-6 1/min and 4 2 1/min. These limits of VO2 max cover the range of values from a housewife to an Olympic athlete! Clearly when individual comparisons are required one must encourage the direct measurement of V02 max. However, in population studies of physical working capacity where the aim is to compare large groups of individuals the situation is completely different.
The number of subjects required for any two populations to show a given difference between their means when using the direct (CV=3 %) or indirect (CV=9%) test of VO2 max is shown in Fig 2. The curves have been calculated after the method described by Pearson & Hartley (1966, then the figures are c. 5 and c. 50, for the direct and indirect tests respectively. Thus one can compensate for the loss of accuracy when using the indirect test by increasing the number of subjects to be measured. One simply has to decide whether this is too high a price to be paid for overcoming the numerous difficulties of measuring V02 max directly in the field.
Maximum Aerobic Capacity
In theory the capacity of the aerobic mechanisms is infinite. However, in practice it may be limited by muscle nutrition (particularly glycogen) peripheral circulation, thermoregulation and fluid balance (dehydration). Thus in my view though maximum aerobic power may be an important measure for assessing the ability to perform work with large muscle groups at high intensity from 1 min to c. 1 hour beyond this time the aerobic capacity of the individual becomes more decisive. Unfortunately, little or no attempt has yet been made to measure this latter parameter either in the laboratory or the field. We know for instance that one major characteristic of long distance athletes is the ability to 'cruise' at close (c. 80%) to their maximum aerobic power for periods of > 3 hours whereas a sedentary subject even with a relatively high Vo2 max finds difficulty in working beyond 10-15 mins. It would be of great interest to have some information on the length of time different groups of the population can work for given % of their VO2 max without the occurrence of anaerobic metabolism and ultimately to define the maximum capacity for aerobic work for given periods of time. The difficulties inherent in measurements of this kind are the formulation of objective criteria for maximal values and precise definition of the 'end point' of exercise.
Comment
It has often been claimed that one can infer the fitness of a subject from measurement of his maximum aerobic power. Clearly, this is not so, indeed the VO2 max may tell you very little about the actual state of training or the physiological status of the individual. This point emerged clearly from our studies (Cotes et al. 1969 , Davies 1968b ) on men and women aged 20-50 years. In young subjects the function and dimensional components of the 0°transporting The lower Vo2 max of the females and higher 6 S 4 0°uptakes in athletes compared to healthy sample size requiredfor male adults were mainly a result of the quanipuldtion means assessed titative differences in organ size which contribute unce level of005 to the capacity for exercise. Thus though an individual through natural (genetic) endowment may be blessed with optimum physical dimensions of the relevant organ systems which contribute to a high Vo°max, his actual state of fitness will depend on whether a close integration exists between the size of the organs, and their functional capabilities. A person who is fit in the physiological sense will possess a complete integration between his functional and dimensional 0°transporting componentshis aerobic power and capacity will be high. On the other hand a person who is unfit may have a relatively high VoX max but be without the capacity to utilize it. This close association between genetic and environmental factors in the assessment of fitness is important and should be noted. An athlete is merely someone who makes maximum use of his endowment through training (an environmental factor). The major effect of ageing on fitness is a loss of functional capabilities rather than structure (Davies 1968b ).
Conclusions
One can hardly remain complacent about our present ability to measure fitness in man. In particular, we need to know a great deal more of the contribution of and the factors underlying anaerobic metabolism during exercise. Techniques must be developed for 'true' ergometers which measure the actual work done (both positive and negative) during effort of a few seconds duration. We have started to do this in a small way; the results are both interesting and surprising (Davies & Rennie 1968) . At the present time the measurement of maximum aerobic power is widely accepted and favoured as a test of endurance fitness but, in my view it only provides limited information on an individual's ability to perform prolonged work. In particular it does not give a good guide to the capacity for exercise or indeed the state of the training of the subject. In my view the maximum aerobic capacity would be more informative in this .respect but as yet no reliable methods have been developed for its measurement. However, Vo2 max does remain a decisive measure of the potential ability to perform at high intensity with large muscle groups for periods of up to c. 1 hour and its measurement in population studies of fitness should be encouraged. In the laboratory where individual values of Vo, max are to be compared direct reporting of Vo2 max is important; however, in the field, the integrated component approach as described by Cotes and his co-workers has much to commend it. The series of tests not only provide a useful guide to Vo2 max but also give useful information on possible improvement of one or other factors underlying the capacity for exercise. Thus in population studies it provides a means of analysing the contribution of body size and the difference in environmental and genetic (ethnic) factors to exercise performance in man.
